The assembly of von Willebrand factor multimers in the Golgi apparatus requires D1D2 domains of the von Willebrand factor propeptide, which may act as an oxidoreductase to promote disulfide bond formation or rearrangement between two D3 domains in the mature subunit. This mechanism predicts that the propeptide should form a transient intrachain disulfide bond with the D3 domain before multimerization. Such an intermediate was detected using truncated subunits that simplify the analysis of the multimerization process. When only the D1D2DD3 region of von Willebrand factor was expressed in baby hamster kidney cells, the propeptide and DD3 formed an intrachain disulfidelinked species in the endoplasmic reticulum that could be identified by two-dimensional gel electrophoresis after cleavage with thrombin or furin. This intermediate rearranged in the Golgi to form free propeptide and DD3 dimers that were secreted. A similar intracellular disulfide-linked species was identified in cells expressing the propeptide and DD3 as separate proteins and in cells expressing full-length von Willebrand factor. These results support a model in which the propeptide acts as an oxidoreductase to promote von Willebrand factor multimerization in the Golgi apparatus.
Von Willebrand factor (VWF)
1 is a multimeric plasma glycoprotein that is required for hemostasis because it binds to connective tissue exposed at sites of injury and then binds to receptors on the platelet surface, initiating the formation of a platelet plug. To perform its role in hemostasis, VWF must be assembled into large multimers before secretion into the blood (1) . The intracellular assembly of VWF presents a challenge to the cell because VWF can form multimers as large as 4 m in length and 40,000 kDa in mass (2) , which may be too large for vesicular transport from the endoplasmic reticulum (ER) to the Golgi (3). To overcome this size limitation, VWF has evolved a unique mechanism of assembly whereby disulfide-linked VWF dimers form in the ER and the multimerization event is postponed until the Golgi compartment.
VWF is synthesized and secreted by endothelial cells and megakaryocytes ( Fig. 1) (4, 5) . In the ER, VWF forms disulfidelinked dimers between two cystine knot (CK) domains in a tail-to-tail orientation (6 -9) . VWF dimers are transported to the Golgi where they form very large multimers, and furin cleaves the propeptide (D1D2) (10) . VWF multimers assemble in a head-to-head orientation between juxtaposed D3 domains (6, 7) . Interestingly, VWF multimers are linked by disulfide bonds, which form or rearrange in the Golgi (6, 11) . Disulfide bond formation usually is restricted to the ER where the neutral pH and necessary oxidoreductase enzymes promote the process (for review, see Ref. 12) . The Golgi is a hostile environment for disulfide bond formation or rearrangement due to its acidic nature and its lack of chaperones and oxidoreductases. Nevertheless, the lower pH of the Golgi appears to be required for VWF multimerization because raising the pH of human umbilical vein endothelial cells with ammonium chloride, chloroquine, or monensin inhibits VWF multimerization (13, 14) . Using partially purified pro-VWF, multimerization in vitro was reconstituted at pH 5.8 but not at neutral or basic pH (15) .
To overcome the lower pH and the lack of oxidoreductase enzymes in the Golgi, VWF appears to employ its own propeptide as an oxidoreductase to promote the rearrangement or formation of the disulfide bonds linking VWF multimers. Deletion of the VWF propeptide prevents multimerization (16, 17) . The VWF propeptide contains two CXXC motifs, which is the signature active site sequence of oxidoreductase family members. When the spacing of this sequence was altered by the insertion of a glycine residue, thus changing CXXC to CXGXC, multimerization was inhibited (18) .
If the VWF propeptide functions as an oxidoreductase to facilitate VWF multimerization, then the VWF propeptide should form a transient disulfide-linked intermediate with the multimerization region of VWF before multimer formation. In this study such an intermediate was identified in a C-terminal-truncated VWF model system and also in fulllength recombinant VWF. Thus, the VWF propeptide may act as a unique oxidoreductase to promote VWF multimerization in the Golgi apparatus.
MATERIALS AND METHODS
Description of Constructs-All plasmids encoding fragments of human VWF were derived from pSVHVWF1.1 (19) . Plasmid pSVH-D3-FLAGNT/c-MycCT contains the coding region for the VWF signal peptide and domains D1D2DЈD3 of VWF (corresponding to amino acids 1-1241). A FLAG tag (DYKDADDDK) was inserted immediately after the signal peptide cleavage site between residue Cys 22 and Ala 23 using the QuikChange XL site-directed mutagenesis kit (Stratagene) and the synthetic oligonucleotide 5Ј-g cca ggg acc ctt tgt gat tac aag gat gat gat gat aag gca gaa gga act cgc g-3Ј. By the same method a c-Myc tag (EQKLISEEDL) and a stop codon were added to the C-terminal end of the D3 domain after VWF residue Gly 1241 using the synthetic oligonu-cleotide 5Ј-cc tgc cag gag ccg gga gaa cag aaa ctg att tca gaa gaa gac ctg tga gat atc ggc tgc tgc-3Ј. Plasmid pSVH-propeptide-FLAGNT contains the coding region for the VWF signal peptide and domains D1D2 of VWF (corresponding to amino acid residues 1-763) followed by a stop codon. A FLAG tag was inserted immediately after the signal peptide cleavage site between Cys 22 and Ala 23 as described above. Plasmid pSVH-DЈD3⌬pro-c-Myc contains the signal peptide of VWF followed by domains DЈD3 of VWF (corresponding to amino acid residues 1-33 and 764 -1220). A c-Myc epitope tag was appended to the C-terminal end of the D3 domain after Gly 1241 as described above. Cell Culture-Baby hamster kidney (BHK) cells were grown in Dulbecco's modified Eagle's medium (Invitrogen) supplemented with heatinactivated fetal bovine serum, 2 mM glutamine, 100 units/ml penicillin, and 100 g/ml streptomycin.
Transient Transfection of BHK Cells-BHK cells were transiently transfected with pSVH-DЈD3-c-MycCT and/or pSVH-propeptide-FLAGNT using LipofectAMINE PLUS reagent (Invitrogen) in Opti-MEM (Invitrogen) according to the manufacturer's instructions.
Generation of Stable Cell Lines-BHK-fur4-D1D2DЈD3-FLAGNT-cMycCT stable cells were generated by cotransfecting BHK-fur4 cells (20) with pRSV-neo and pSVH-D1D2DЈD3-FLAGNT-c-MycCT. Selection for individual Geneticin-resistant clones was carried out in Dulbecco's modified Eagle's medium supplemented with heat-inactivated fetal bovine serum, 2 mM glutamine, 100 units/ml penicillin, 100 g/ml streptomycin, and 900 g/ml Geneticin (Invitrogen). Trapping Intracellular Mixed Disulfide Species-Cells were washed once with phosphate-buffered saline and incubated on ice for 20 min in phosphate-buffered saline containing 40 mM N-ethylmaleimide (NEM) (Pierce). Cells were lysed in 0.6% Triton X-100, 50 mM Tris-HCl, pH 7.4, 300 mM NaCl, 5 mM EDTA, 0.02% sodium azide, 10 g/ml aprotinin, 144 M phenylmethylsulfonyl fluoride, 1:1000 (v/v) protease inhibitor mixture (Sigma), and 40 mM NEM.
Immunoprecipitation and Western Blotting-Immunoprecipitations were performed using a 1:10 dilution (v/v) of protein G-Sepharose 4 Fast Flow (Amersham Biosciences) and a 1:100 dilution (v/v) of monoclonal anti-FLAG antibody M2 (Sigma), a 1:100 dilution (v/v) of monoclonal anti-c-Myc antibody 9E10 (Sigma), or a 1:100 dilution (v/v) of the rabbit polyclonal anti-human VWF antibody 082 (DAKO). Protein G-Sepharose-antibody-antigen complexes were washed 3 times with 50 mM Tris-HCl, pH 7.4, 300 mM NaCl, 5 mM EDTA, 0.1% Triton X-100, 1 mM NEM, 0.02% sodium azide.
For Western blotting samples were heated to 100°C for 5 min in Laemmli sample buffer, subjected to SDS-PAGE on 4 -15% Tris-HCl gradient gels (Bio-Rad), and transferred by electroblotting onto polyvinylidene difluoride membranes (Bio-Rad). The membranes were incubated for 1 h at room temperature in 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% Tween 20, 0.5% casein to prevent nonspecific binding. Membranes were incubated at 4°C overnight with either 1:2000 (v/v) dilution of FLAG M2-HRP antibody (Sigma) or 1:1000 (v/v) dilution of horseradish peroxidase-conjugated rabbit polyclonal anti-human VWF (P226, DAKO). Membranes were washed in phosphate-buffered saline containing 0.1% Tween 20 for 1 h at room temperature and developed using the chemiluminescent ECL kit protocol (Amersham Biosciences).
Protease Digestion of VWF-VWF bound to 082 antibody-protein G-Sepharose was digested with 10 M human ␣-thrombin (Hematologic Technologies, Inc.) in 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 15 mM CaCl 2 , 40 mM NEM for 2 h at room temperature. Thrombin was inactivated with 50 M PPACK for 15 min at room temperature. Digestion with recombinant human furin (Sigma) was performed using 20 units of furin in 100 mM Tris-HCl, pH 7.5, 1 mM CaCl 2 , 0.01% Triton X-100, 40 mM NEM for 2 h at 37°C. Furin was inactivated using 2 mM EDTA for 5 min at room temperature.
Two-dimensional Gel Electrophoresis-Samples were heated to 100°C for 5 min in Laemmli sample buffer without reducing agent (Bio-Rad) and electrophoresed on 4 -15% gradient gels (Bio-Rad). Lanes were cut from the gel and incubated in 25 mM Tris-HCl, pH 8.3, 192 mM glycine, 0.1% SDS, 5% ␤-mercaptoethanol for 10 min at 65°C. Lane strips were incubated at 65°C for 30 min in 12.5 mM Tris-HCl, pH 6.8, 2% SDS, 25% glycerol, 0.01% bromphenol blue. Reduced gel strips were placed horizontally into the preparative well of a 4 -15% gradient gel (Bio-Rad) and electrophoresed. Products were visualized by autoradiography.
Glycosidase Digestions-Samples were heated to 100°C in 0.5% SDS, 5% ␤-mercaptoethanol for 5 min. Endoglycosidase H (New England Biolabs) from Streptomyces plicatus was used at a final concentration of 20,000 units/ml. Endoglycosidase H reactions were performed in 100 mM sodium citrate/phosphate, pH 5.5, 0.16% SDS, 1.67% ␤-mercaptoethanol, 1.6% Triton X-100 at 37°C for 16 h. N-Glycosidase F (New England Biolabs) from Flavobacterium meningosepticum was used at a final concentration of 20,000 units/ml. N-Glycosidase F reactions were performed in 20 mM sodium phosphate, pH 7.5, 0.16% SDS, 1.67% ␤-mercaptoethanol, 1.6% Triton X-100, 0.02% sodium azide at 37°C for 16 h.
RESULTS

C-terminal-truncated VWF Forms Disulfide-linked Dimers in the Golgi
Apparatus-The mechanism of VWF multimerization can be difficult to study in detail due to the size and complexity of the multimers that are produced. Fortunately, VWF dimerization and multimerization can be studied independently in simpler model systems (21) . The construct FLAG-D1D2DЈD3-c-Myc encodes VWF residues 1-1241 with a FLAG tag at the N terminus and a c-Myc tag at the C terminus. When this VWF truncation was expressed in BHK cells, both DЈD3-c-Myc monomer (ϳ55 kDa) and disulfide-linked DЈD3-c-Myc dimer (ϳ110 kDa) were secreted (Fig. 2A, lane 2) together with the cleaved monomeric 80 kDa FLAG-propeptide ( Fig. 2A, lane 5) . These results show that VWF truncated after domain D3 reproduces the disulfide-dependent multimerization and propeptide cleavage of full-length VWF.
In cell lysates the FLAG-D1D2DЈD3-c-Myc protein was present as a full-length monomer, with no detectable cleaved propeptide or DЈD3 fragments under non-reducing (Fig. 2C ) or reducing conditions (Fig. 2D) . Both furin cleavage of the VWF propeptide and formation of interchain disulfide bonds between D3 domains occur in the trans-Golgi (6, 10, 11), and the transit through the ER usually is the rate-limiting step in protein secretion (22) . Therefore, intracellular D1D2DЈD3 monomers probably are biosynthetic intermediates located in the ER.
The VWF propeptide is necessary for VWF multimerization (16, 17) , and when the DЈD3-c-Myc region of VWF was expressed in the absence of the propeptide, only DЈD3-c-Myc monomers were secreted ( Fig. 2A, lane 1) . The VWF propeptide also can promote multimerization when it is expressed on a separate plasmid from the mature VWF subunit (17) . When FLAG-propeptide and DЈD3-c-Myc were expressed on separate plasmids, both DЈD3-c-Myc monomers and disulfide-linked dimers were secreted ( Fig. 2A, lane 3) . These results confirm the essential role of the propeptide in VWF multimerization and validate the use of truncated VWF constructs to study the multimerization process. (Fig. 3A, lanes  1 and 3) . Thrombin is known to cleave pro-VWF at the furin cleavage site between the propeptide and mature VWF (15) and at Arg-636 in the D2 domain (23) . When the immunopurified FLAG-D1D2DЈD3-c-Myc was digested with thrombin, bands of 55, 80, and 120 kDa were observed, corresponding to the expected sizes for the DЈD3 fragment, the propeptide, and a disulfidelinked propeptide-DЈD3 complex, respectively (Fig. 3A, lane 2) .
The 120-kDa species disappeared upon reduction, which is consistent with its proposed composition (Fig. 3A, lane 4) . These conclusions were confirmed by two-dimensional SDS-PAGE of thrombin-treated and untreated FLAG-D1D2DЈD3-cMyc when separated under non-reducing conditions in the first dimension and reducing conditions in the second dimension (Fig. 3B) . The undigested FLAG-D1D2DЈD3-c-Myc migrated as 2) and reducing (lanes 3 and 4) conditions followed by autoradiography. B, thrombin-undigested (left panel) and -digested (right panel) FLAG-D1D2DЈD3-c-Myc were analyzed by two-dimensional SDS-PAGE with non-reducing (NR) conditions in the first dimension and reducing (R) conditions in the second dimension. The thrombin-treated FLAG-D1D2DЈD3-c-Myc protein migrated as three species having molecular masses of 120, 80, and 55 kDa under non-reducing conditions. These species are indicated by vertical arrowheads. Upon reduction the 120-kDa species migrated as 100-and 65-kDa peptides, identified by horizontal arrowheads as the D1D2 and DЈD3 domains. C, intracellular FLAG-D1D2DЈD3-c-Myc (top panel) or secreted FLAG-propeptide or DЈD3-c-Myc (bottom panel) was immunoprecipitated and treated without (Ϫ) or with (ϩ) endo H or N-glycosidase F (PNGase F). The products were analyzed by reducing SDS-PAGE and autoradiography. (Fig. 3B, left  panel) . Therefore, the intracellular FLAG-D1D2DЈD3-c-Myc protein contains only intrachain disulfide bonds. Additionally, this result confirms that the majority of the intracellular FLAG-D1D2DЈD3-c-Myc protein is monomeric and contains the N-terminal propeptide.
Two-dimensional SDS-PAGE of thrombin-treated FLAG-D1D2DЈD3-c-Myc showed that the 120-kDa species consisted of disulfide-linked 100-kDa propeptide and 65-kDa DЈD3 (Fig. 3B,  right panel) , as predicted by the one-dimensional SDS-PAGE analysis. This same species was observed when the FLAG-D1D2DЈD3-c-Myc was treated with furin (data not shown). Additionally, upon reduction, the 80-kDa species gave rise to fragments of 75-and 25-kDa, consistent with cleavage of the propeptide by thrombin after Arg-636 (23) . Similarly, the ϳ55-kDa species gave rise to a single product after reduction, as expected for DЈD3. Thus, intracellular D1D2DЈD3 consists mainly of full-length 120-kDa monomers, some of which contain intrachain disulfide bonds between the propeptide and DЈD3 region.
The intracellular localization of D1D2DЈD3 was investigated by endoglycosidase digestion (Fig. 3C) . The N-linked oligosaccharides of intracellular FLAG-D1D2DЈD3-c-Myc protein were sensitive to either endoglycosidase H or N-glycosidase F (Fig.  3C, top panel) , indicating the presence of high mannose structures typical of proteins in the ER. In contrast, the N-linked oligosaccharides on secreted FLAG-propeptide and DЈD3-c-Myc were resistant to endoglycosidase H (Fig. 3C, bottom panel) , consistent with processing to complex structures in the Golgi before secretion. These data indicate that the intrachain disulfide bonds form in the ER between the propeptide and DЈD3 regions of D1D2DЈD3, and these disulfide bonds rearrange in the Golgi apparatus to yield free propeptide and DЈD3 dimers. This progression supports an oxidoreductase mechanism for VWF multimer assembly. (Fig. 4) . When lysates were immunoprecipitated with either anti-FLAG antibody or anti-c-Myc antibody and analyzed by reducing SDS-PAGE, both the 100-kDa FLAG-propeptide and the 65-kDa DЈD3-c-Myc protein were co-purified (Fig. 4A) . The specificity of the immunoprecipitations was confirmed with BHK cells expressing either FLAG-propeptide or DЈD3-c-Myc. As expected, anti-FLAG did not recognize DЈD3-c-Myc (Fig. 4A, lane 1) , and anti-c-Myc did not recognize FLAGpropeptide (Fig. 4A, lane 6 ). Both antibodies gave rise to a variable nonspecific band at ϳ70 kDa that was also seen in mock-transfected cells (Fig. 4A, lanes 7 and 8) . Therefore, the FLAG-propeptide and DЈD3-c-Myc interact intracellularly even when expressed as independent polypeptides.
FLAG-propeptide and DЈD3-c-Myc Domains Form an SDSresistant Complex in the ER When They Are Co-expressed on Separate Plasmids-Previous
To determine whether the FLAG-propeptide and the DЈD3-c-Myc proteins are connected covalently or non-covalently, the lysates from the FLAG-propeptide and DЈD3-c-Myc co-expression were heated to 100°C in the presence of 1% SDS and sequentially immunoprecipitated with anti-c-Myc antibody and anti-FLAG antibody in either order. When analyzed by SDS-PAGE without reduction, the purified proteins consisted of high molecular weight species, most of which barely entered the gel (Fig. 4B, lanes 1 and 2) . Under reducing conditions the high molecular weight species were found to contain the 100-kDa FLAG-propeptide and the 65-kDa DЈD3-c-Myc protein (Fig. 4B, lanes 3 and 4) . When quantitated by densitometry, the ratio of FLAG-propeptide to DЈD3-c-Myc was one-to-one. The N-linked oligosaccharides on the intracellular, FLAG-propeptide, and the DЈD3-c-Myc proteins were endo H-sensitive (Fig.  4C, top panel) , consistent with their localization in the ER. In contrast, the oligosaccharides on the secreted proteins were endo H-resistant, consistent with processing in the Golgi apparatus (Fig. 4C, bottom panel) . These data indicate that even when expressed as separate proteins, FLAG-propeptide and DЈD3-c-Myc form disulfide-linked stoichiometric complexes in the ER.
FIG. 4. FLAG-propeptide and DD3-c-Myc form an SDS-resistant complex in the ER when co-expressed on separate plasmids.
A, BHK cells were transiently transfected as indicated with DЈD3-cMyc, both FLAG-propeptide (FLAG-D1D2) and DЈD3-c-Myc, FLAGpropeptide, or vector. Cell lysates were immunoprecipitated with antic-Myc antibody (c-Myc) or anti-FLAG antibody (FLAG) and analyzed by reducing SDS-PAGE and autoradiography. The asterisk (*) indicates a nonspecific ϳ70-kDa band. B, lysates from cells co-expressing FLAGpropeptide and DЈD3-c-Myc were heated to 100°C in 1% SDS and sequentially immunoprecipitated with anti-c-Myc antibody followed by anti-FLAG antibody (lanes 1 and 3) or anti-FLAG followed by anti-cMyc antibody (lanes 2 and 4) . The products were analyzed by SDS-PAGE under non-reducing and reducing conditions followed by autoradiography. C, intracellular FLAG-propeptide-DЈD3-c-Myc disulfidebonded complex (top panel) or secreted FLAG-propeptide (bottom panel) or secreted DЈD3-c-Myc (bottom panel) was immunoprecipitated and incubated without (Ϫ) or with (ϩ) endo H or N-glycosidase F (PNGase F). The products were analyzed by SDS-PAGE under reducing conditions and autoradiography.
The FLAG-propeptide-DЈD3-c-Myc Disulfide-bonded Complex Rearranges in the Golgi to Form DЈD3 Dimer and Free
Propeptide-After a 24-h chase period, radiolabeled FLAGpropeptide and DЈD3-c-Myc were secreted from cells co-expressing both proteins (Fig. 5) . No disulfide-linked complex between the propeptide and DЈD3 was observed; instead, immunoprecipitation with anti-FLAG yielded only monomeric FLAG-propeptide (Fig. 5A, lane 4) , and immunoprecipitation with anti-c-Myc yielded only monomeric and dimeric DЈD3 (Fig.  5A, lane 3) . These data for pulse-labeled proteins are consistent with the behavior of the unlabeled FLAG-propeptide and DЈD3-c-Myc (Fig. 2) . These results suggest that the FLAG-propeptide-DЈD3-c-Myc disulfide-linked complex rearranges in the Golgi to produce DЈD3-c-Myc dimer and monomer.
Full-length VWF Forms a Disulfide-bonded Complex with the Propeptide in the ER-
The significance of this intracellular complex is supported by the identification of a similar intermediate during the biosynthesis of full-length VWF (Fig. 6) . Radiolabeled VWF was immunopurified from BHK cell lysate, and a portion was digested with thrombin to cleave between the VWF propeptide and the mature subunit. When the undigested VWF was analyzed by two-dimensional SDS-PAGE, VWF had an apparent mass greater than 600 kDa under nonreducing conditions, decreasing to ϳ350 kDa under reducing conditions (Fig. 6A, top panel) , which is expected behavior for pro-VWF dimers composed of ϳ350-kDa subunits linked by disulfide bonds at their C termini.
After digestion with thrombin, the majority of the intracellular full-length VWF continued to migrate as a ϳ600-kDa species under nonreducing conditions, but upon reduction it gave rise to components of ϳ250 and 80 kDa, the size expected for mature VWF subunit and propeptide, respectively (Fig. 6A,   bottom panel) . Similar results were observed when the intracellular full-length VWF was treated with furin and analyzed by two-dimensional SDS-PAGE (data not shown).
As observed for recombinant VWF fragments ( Fig. 3 and 4) , the oligosaccharides of intracellular full-length VWF were endo H-sensitive, whereas those of secreted VWF were endo Hresistant (Fig. 6B) . These results show that the VWF propeptide forms a disulfide-linked complex with the mature subunit of VWF in the endoplasmic reticulum before the multimerization of full-length VWF.
The Propeptide-DЈD3 Covalent Species Appears to Be an Authentic Intermediate of VWF Biosynthesis-Pulse-chase analysis (Fig. 7) indicates that the majority of the intracellular FLAG-D1D2DЈD3-c-Myc is eventually secreted. The cells were radiolabeled with [
35 S]methionine and [ 35 S]cysteine for 15 min and chased in media containing unlabeled methionine and cystine. For each time point, intracellular FLAG-D1D2DЈD3-cMyc and secreted FLAG-propeptide and secreted DЈD3-c-Myc proteins were immunoprecipitated quantitatively and analyzed by SDS-PAGE. The intracellular FLAG-D1D2DЈD3-cMyc level decreased over the time course (Fig. 7, A and B) . Additionally, similar analysis of the secreted FLAG-propeptide and DЈD3-c-Myc monomer and dimer levels revealed a concomitant rise in the extracellular level of these proteins (Fig. 7, A  and B) . In all cases, the immunoprecipitations were quantitative since re-immunoprecipitation of the supernatants with other specific monoclonal antibodies gave no additional signal (data not shown). In general, efficient secretion of both the FLAG-propeptide and DЈD3-c-Myc proteins was observed over the time course. By 24 h all of the FLAG-D1D2DЈD3-c-Myc protein had exited the cell and appeared as free FLAG-propeptide and DЈD3-c-Myc monomer and DЈD3-c-Myc dimer protein. Similar results were observed when the time course was repeated in the presence of lactacystin (data not shown), indicating the FLAG-D1D2DЈD3-c-Myc protein is not targeted to the proteasome for degradation. Thus, the FLAG-propeptide-DЈD3-c-Myc disulfide-bonded complex is an authentic biosynthetic intermediate of VWF biosynthesis that rearranges in the Golgi to yield secreted FLAG-propeptide and DЈD3-c-Myc monomer and dimer. DISCUSSION VWF assembles into disulfide-linked multimers in the Golgi apparatus using a unique mechanism that depends on the presence of the N-terminal propeptide (6, 11, 16, 17) . Because the Golgi has an acidic pH and lacks oxidoreductases, the mechanism of VWF multimerization provides an interesting example of disulfide bond formation in a relatively harsh environment. Evidence presented in this study suggests that the propeptide of VWF may be an internal, VWF-specific oxidoreductase that acts only under the conditions of the Golgi environment to promote VWF multimerization.
The oxidoreductase model predicts that the VWF propeptide should form a disulfide-linked intermediate with the DЈD3 region of VWF before multimerization in the Golgi apparatus. In this study the VWF propeptide was shown to form a disulfide-bonded intermediate with the mature VWF subunit in the ER (Fig. 6) . The DЈD3 region of VWF was sufficient to form this intermediate with the VWF propeptide (Figs. 3B and 4B) , localizing the disulfide bonds for forming the disulfide-bonded intermediate to the multimerization region of VWF.
The propeptide-DЈD3 disulfide-bonded intermediate was observed only in cell lysates and was not secreted (Fig. 5) . Additionally, as the level of intracellular propeptide-DЈD3 disulfidelinked complex decreased, the levels of the secreted free propeptide and DЈD3 disulfide-linked dimer increased (Fig. 7) . Similar results observed in the presence of lactacystin (data not shown) indicate this complex is not targeted for degradation via the proteasome. These data suggest that the propeptide-DЈD3 disulfide-linked complex leads directly to the formation of VWF multimers and suggests the VWF propeptide may function via an oxidoreductase mechanism.
The propeptide-DЈD3 disulfide-linked species was present in cell lysates at a relatively low abundance when compared with the amount of free propeptide and free DЈD3. This finding is not surprising since most disulfide-linked intermediates are relatively unstable, transient species (24, 25) . Indeed, in our hands, identifying this intermediate depended on the addition of the membrane permeable alkylating reagent N-ethylmaleimide before cell lysis to prevent disulfide rearrangement. 2 The sensitivity to reduction and transient nature of the propeptide-DЈD3 disulfide-linked intermediate may explain why this species was not identified in previous studies of VWF multimerization (15) .
Wagner et al. (15) showed that free thiols are required for VWF multimerization because isolated pro-VWF dimers failed to form multimers in the presence of N-ethylmaleimide. Further studies to determine the location of these mechanistically important thiols will be necessary to fully understand the role of the propeptide in VWF multimerization.
Notably, a difference in thrombin sensitivity was observed between the propeptide that is disulfide-bonded to the DЈD3 region of VWF and the propeptide not in disulfide-bonded complex with the DЈD3 region of VWF. This difference in thrombin cleavage pattern is apparent when observing the thrombindigested FLAG-D1D2DЈD3-c-Myc two-dimensional SDS-PAGE data (Fig. 3B) . The 80-kDa propeptide that is not in a disulfidebonded complex with the DЈD3 region is cleaved at the thrombin cleavage site after Arg-636 described by Fay et al. (23) and dissociates under reducing conditions into species of ϳ70 and ϳ25 kDa. In contrast, propeptide disulfide-bonded to DЈD3 is resistant to thrombin, suggesting that the thrombin cleavage site within the propeptide is inaccessible within the propeptide-DЈD3 covalent complex.
In addition to the disulfide-linked intermediate between the propeptide and DЈD3 region of VWF, various non-covalent interactions are likely to play an essential role in VWF multimerization. For example, the VWF propeptide has been shown to form non-covalent homodimers at neutral pH (7, 11) but to dissociate at acidic pH and bind instead to VWF multimers (7) . Therefore, propeptide-propeptide interactions in the neutral environment of the ER may bring two D3 domains close to- gether and position them for structural rearrangement and multimerization upon arrival in the acidic Golgi. These pHsensitive non-covalent interactions between the propeptide and DЈD3 region may explain in part how VWF multimerization is postponed until the acidic environment of the Golgi apparatus.
